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Fig.8. Radial cracks in glass layer of thickness d = | mm with abraded
undersurface backfilled with epoxy resin, from loading with tungsten
carbide sphere of radius r =4 mm at load P = 1500 N: (a) flat surface,
rs = 0, (b) curved surface, rg = 8 mm. After Qasim et al.*’

straightens into failure instability, occurs over shorter propaga-
tion distances with increasing specimen curvature. BEA predic-
tions of the critical loads P to take the radial cracks for glass
domes of thickness d=1 mm to breakthrough are plotted in
Fig. 10 as the solid curve as a function of surface curvature,
along with data from experimental observations of the failure
condition for abraded and unabraded shells. Note that the fail-
ure condition is not sensitive to the original flaw state, being
determined primarily by the flexural stress conditions in the
lower half of the glass plate. Included as the dashed lines are
predicted loads Pj to initiate these same cracks (equating max-
imum tensile stress at bottom surfaces of shells to strengths of
abraded and unabraded glass). Whereas the loads Pg diminish
strongly with increasing curvature, the corresponding loads Py

Fig.9. Boundary element analysis-calculations of radial crack evolu-
tion through brittle dome-like glass layers of different curvatures on
epoxy backing: (a) r./d= co(flat), (b) r./d =20, (c) r.,/d= 28, (d) r./d=4.
After Rudas et al.*!
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Fig.10. Critical load for radial crack instability versus plate curvature
rs - for glass/epoxy dome bilayers, thickness d =1 mm and inner radius
rs=8 mm. Solid curve is boundary element analysis (BEA)-predicted
failure load Pg. Data points are experimental values for abraded and
unabraded glass. Dashed curves are BEA-predicted initiation loads for
abraded and unabraded glass. After Qasim et al.***!

actually rise slightly. Over much of the data range, Pi< < Pf,
meaning that the radial cracks undergo pronounced stable
growth before instability. However, for unabraded specimens,
the condition P;> Pg can be achieved in highly curved speci-
mens, in which case the radial cracks, once initiated, go spon-
taneously and catastrophically to failure.

In certain circumstances, dome structures may become more
susceptible to cracks initiating from the margins rather than
from directly under the indenter. Such cracks are indicated as L
cracks in Fig. 7(a). This state of affairs is enhanced in loading
with ultra-compliant indenters, and in specimens with edge
damage.>? Such indenter materials may be considered to resem-
ble some of the properties of food bolus in chewing.*'® The chief
outcomes of soft contacts are twofold: first diminish the stress
intensity beneath the contact; and second displace the tensile
stress maxima toward the dome margins. Off-axis loading ex-
acerbates this latter outcome by locating the load axis closer to

Fig.11. Front-on view of off-axis contact fracture of epoxy-filled glass
domes, d =1 mm and r; = 6 mm, on epoxy base. Indentation with teflon
disk at 1000 N. Note how margin cracks initiate and propagate around
side of dome toward contact center (cross) to form “tiger” pattern.
Courtesy Mahek M Shah and Vibhu P Saxena.
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Fig.12. Failure in epoxy-bonded glass/sapphire/polycarbonate trilayers, d, = 1 mm and d. = 0.5 mm, from contact with tungsten carbide spheres of
radius r = 5.0 mm, frequency 10 Hz. (a) Core R crack in bottom-surface abraded sapphire, at P, =400 N and nr = 1014 cycles. Initiation and layer
penetration occur simultaneously. (b) Veneer I crack in top-surface abraded glass layer, at P, =300 N and ng =43 613 cycles. Crack evolution after
initiation in this case is stable and incremental. (Interfaces accentuated by superimposed white lines for clarity.) After Bhowmick et al.>

the dome edge.*” An example of margin fractures generated by
an off-axis flat teflon indenter is shown in Fig. 11. In this case
cracks have spread from the extremities, and are seen converging
to the point of contact (marked by cross) to form a ““tiger’ pat-
tern. The coalescence of such cracks produces spalls reminiscent
of the lunar fractures referred to in Fig. 1(c).

III. Trilayers

(1) Model Tests

As indicated in the Introduction, most all-ceramic crowns con-
sist of an esthetic but weak porcelain veneer joined onto a strong
and stiff ceramic core. The two most widely used ceramic core
materials are alumina and zirconia based (although glass cer-
amics are also used in some cases). Alumina is stiffer, providing
more support and stress shielding for the veneer (as well as for
the substrate), but is weaker and thus susceptible to core fail-
ure”~"7"; zirconia is stronger, and therefore less liable to core
failure. The primary fracture modes are the same as for bilayers,
but the system is now also vulnerable to delamination at the
veneer/core interface as well as to radial cracking in the veneer.

All-transparent model trilayer systems are readily fabricated
as before, but with a model transparent sapphire core layer
inserted between the glass veneer and polycarbonate sub-
strate.””*** In its simplest form, the glass is epoxy-bonded
onto the core. Provided the epoxy is thin enough (<20 um), the
system is relatively immune to residual stresses from shrinkage
and from flexural failure of the veneer.?’> Moreover, the bond is
sufficiently strong that delamination again does not constitute a
primary mode of failure. Figure 12 shows cracks in such a model
system with veneer and core thicknesses d,=1.0 mm and
d. = 0.5 mm, subjected to cyclic contact loading in water. An
abrasion treatment has been given to the sapphire bottom sur-
face in Fig. 12(a), to the glass top surface in Fig. 12(b). The
cracks are analogous to those seen in Fig. 3 for glass/polycar-
bonate bilayers. Again, failure is defined as penetration through
the layer, in this case to the veneer/core interface. However, a
notable difference in the manner of failure now becomes appar-
ent—the radial crack shows no steady evolution through the

core layer, but pops abruptly to the interface at initiation, with
exaggerated radial propagation (the latter reflecting a release of
excess flexural energy stored in the stiff core layer). This result
simplifies analysis of failure of systems with opaque ceramic
cores, as failure may be equated with first appearance of radial
cracking by subsurface viewing through the substrate.** On the
other hand, the cone crack shows the usual steady, incremental
growth through the veneer. With increased loading or extended
cycling, the arrested radial crack may eventually reinitiate in
the adjacent weak veneer layer, as in Fig. 13(a), ultimately

(a)

Reinitiation

Fig.13. Subsidiary fracture modes in same system as in Fig. 12 after
extended cycling at P, =375 N. (a) Reinitiation in adjacent, bottom-
surface abraded, glass veneer layer, after n = 4129 cycles. (b) Delamina-
tion at interface, after n = 3261 cycles (note how pattern is constrained
by preceding radials). After Bhowmick er al.>
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radius r = 1.6 mm at peak load P,, =300 N, frequency 1 Hz, in water.
Each symbol represents a separate test. After Bhowmick er al.*
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penetrating the entire “‘crown,” or delaminate at the epoxy-
bonded veneer/core interface, as in Fig. 13(b). By contrast, the
cone crack does not penetrate into the tough core sublayer, but
again delaminates the interface.*®

The steady evolution of cone cracks in a similar trilayer sys-
tem with abraded glass veneer but now with (a) alumina and (b)
zirconia polycrystalline ceramic cores is quantified in the c¢(n)
data of Fig. 14, for contact at peak load P,, = 300 N and sphere
radius = 1.6 mm, in water.>® Prolonged crack propagation be-
fore failure is evident for both cone modes (cf. bilayer data,
Fig. 5(a)). Again, inner (I) cone cracks, despite a sluggish start,
overtake their outer (O) crack counterparts and are responsible
for failure. Note that slightly longer lifetimes are realized for the
specimens with alumina core, attesting to superior shielding as-
sociated with the stiffer ceramic.

The dominance of inner cone cracks evident in Fig. 14 is not
universal. This is illustrated by the “failure map” in Fig. 15 for
the same epoxy-bonded trilayers.>® This figure plots the number
of cycles ng for failure, i.e., the first crack to reach the veneer/
core interface, as a function of peak cyclic load Pp,. In this ex-
ample, both glass top surface and ceramic bottom surface have
been abraded to equalize the flaw conditions in the veneer and
core. For alumina cores, Fig. 15(a), the cone and radial modes
are truly competitive. In the low-cycle, high-load region, O and
R cracks appear equally likely to cause failure. In the high-cycle,
low-load region, I cracks begin to dominate. For zirconia cores,
Fig. 15(b), the issue seems to be more clear cut—cone cracks are
dominant over the entire cycle range, and are a little easier to
generate than with alumina cores—radial cracks are more
strongly inhibited, and in fact are difficult to initiate before

Maximum load, P, (N)

Fig.15. Number of cycles ng to contact-induced veneer failure from O
and I cone cracks versus core failure from radial R cracks, for glass
veneers epoxy-bonded onto (a) alumina and (b) zirconia cores, as func-
tion of maximum contact load P,, for tungsten carbide sphere radius
r=1.6 mm, frequency 1 Hz, in water. Lines through O and R data in
accordance with Egs. (7) and (8) in Sidebar 1, based on fatigue exclu-
sively by moisture-assisted slow crack growth. Lines through I data are
empirical fits. After Bhowmick et al.>

cone crack failure (hence dashed line, indicating prediction
only). Interpretation of the zirconia data is complicated by
the introduction of abrasion-induced surface compression stres-
ses from phase transformations, which act to suppress all forms
of fracture.’”%>%* Fracture mechanics relations based exclusive-
ly on fatigue by moisture-assisted slow crack growth (Sidebar 1)
are able to account for the broad features of the O and R data
(solid lines), notably a slope —1/N (N = crack velocity exponent)
and a shift to the right for the zirconia R data.’® (Again, anal-
ogous relations for I cracks are not available owing to the com-
plexity of the superposed hydraulic pumping mechanism.) Such
equations also provide a capacity for predicting relative shifts in
data with changes in geometrical variables, notably core mate-
rial properties and net layer thickness d.

(2) Some Clinical Issues

One issue emerging as a concern in the dental community is that
of residual stresses from fabrication processes.®>*® We have used
epoxy to bond our veneer/core interfaces to avoid such stresses.
However, although delamination is not a primary mode of fail-
ure in our experiments, epoxy is nevertheless a relatively weak
interface and unlikely to find usage as a joining process in crown
fabrication. The bulk of crown veneering is achieved by fusing
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Fig.16. As for Fig. 15, but for fused (solid) and epoxy-bonded (dashed)
glass/alumina interfaces. Shifts are attributable to introduction of
residual stresses into fused layers. Data omitted, for clarity. After
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porcelain onto the ceramic core, and much consideration goes
into selecting the right porcelains to minimize coefficient of ther-
mal expansion (CTE) mismatch. This is not always easy to do,
because CTE differentials <1 x 107® K~! can produce stresses
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Fig.17. Critical loads P; to initiate O cone cracks in glass layer in sin-
gle-cycle loading calculated from in Eq. (1): (a) as function of indenter
modulus Ej, at fixed radius »=5.0 mm; (b) as function of r, at fixed
E; =70 GPa. Dashed lines at Pr =600 N indicate failure load. After
Bhowmick et al.*’
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in excess of 50 MPa, depending on the ceramic.*’ Such stresses
have long been appreciated in the manufacture of porcelain-
fused-to-metal crowns—in that case, higher-contraction metals
effectively place the porcelain in compression. In all-ceramic
crowns where all components are brittle, CTE stresses can be
deleterious to both veneer and core, in which case close match-
ing is highly desirable. To illustrate, Fig. 16 shows design maps
for the same system as in Fig. 15(a), but with the §lass veneer
fused to the alumina core with glass tape at 600°C.>° The CTE
mismatch in this case is estimated at just 2 x 107® K~'. Solid
lines represent the fused system, dashed lines the epoxy-bonded
system (from Fig. 15(a)). It is apparent that residual stress effects
can result in substantial reductions in lifetimes.
Another issue that causes a certain consternation in the dental
community is the use of hard metal spheres in the indentation
testing protocols described here. WC spheres are used primarily
as an economic expedient, to minimize damage accumulation in
the indenters themselves, especially in long-term cyclic loading.
It is argued that true occlusal contacts are made with materials
of like modulus (tooth enamel on crown porcelain). Indenter
size is also an issue—how does the choice of indenter radius r
influence the mechanics? In fact, tests with a broad range of in-
denter materials and geometries, sphere or flat, shows little
change in fracture mode.>> (An exception is when the indenter
modulus E; becomes very much lower than the veneer modulus
E, for curved specimens, resulting in the switch to margin cracks
seen in Fig. 11.) Nor do these variables have much influence on
the ng(Py,) functions in Fig. 15, especially for R cracks, as failure
is determined within the contact far field. However, they do have
some influence on the critical loads Pj to initiate cone cracks, as
demonstrated in Fig. 17 for O crack initiation in glass/alumina/
polycarbonate for single-cycle loading: (a) as a function of E; for
fixed indenter size r, (b) as a function of r for fixed indenter
modulus E;.** Symbols indicate data points, solid lines theoret-
ical predictions (Eq. (3) in Sidebar 1). Horizontal dashed lines
indicate failure loads (e.g., intersection points at n=1 for O-
crack data in Fig. 15). Note the condition P;> P in the extreme
regions of ultra-low E; (Fig. 17(a)) and ultra-high r (Fig. 17(b)),
corresponding to spontaneous high-load failure.

IV. What Can We Tell the Dentists?

The work described here bears on several issues that a materials
scientist might imagine should be of interest to the dental com-
munity in relation to all-ceramic crowns. We enumerate some of
these below:

(1) Failure modes. We have described several failure modes
that may generate in crown-like dome structures, each of which
may dominate under different conditions. These include near-
contact cone cracking in porcelain veneer layers and radial
cracking in the ceramic cores. Lunar-like cracks may initiate
at the dome margins. Other modes may also operate in some
cases, although most may be considered secondary in the case of
all-ceramic crown systems: delaminations at veneer/core or core/
dentin interfaces; radial cracks at the bottom of the veneer ra-
ther than core layer when bonded to the core with a relatively
thick, compliant adhesive,”>> or fused onto a soft metal
:2%33 median cracks in quasiplastic ceramics.*>%> 1t is lit-
tle wonder then that controversy persists in the dental literature
concerning initiation sites for crown failure—the complex geom-
etry makes it difficult to measure thicknesses at all points of the
crown, and there is no accurate clinical history of loading con-
ditions. Early cracks or chips may be ignored by the patient, and
additional fractures may occur before the clinician is made
aware of any problems.

(ii) Fatigue. All ceramics are susceptible to fatigue in cyclic
contact loading, especially in aqueous environments.>®” With
outer cone cracks and radial cracks, fatigue is modest, attribut-
able to slow crack growth over integrated time of occlusal con-
tact. Inner cone cracks are especially susceptible, owing to the
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Sidebar 1. Mechanics of Crack Initiation and Failure

Consider the trilayer structure in Fig. 1. It is convenient to treat two cases of loading separately, single-cycle and multi-cycle
loading:

(1) Single-Cycle Loading

Occlusal contact is well simulated by a classical Hertzian contact.” For cones, it is only the outer (O) crack that forms in single-
cycle loading. In single-cycle loading, crack propagation may, to first approximation, be assumed to occur under equilibrium
conditions of fracture. The critical loads Pj to initiate an O crack in the veneer surface and P to propagate it through to the
veneer/core interface have the form*®43%

Py = AxrTV?/E, )
Pp = CATd>? “)

where T is toughness (Kic), k = k(E;/E,) and A = ME,/E., E,/E., d,/d.) are slowly varying functions of relative indenter (i) plus
veneer (v) and core (c) properties. Note the dependence on r in Eq. (3) (see Fig. 16(b)), as initiation is determined by the near-
contact field, and on d, in Eq. (4), as failure is governed by the distance the crack propagates through the veneer. (However, the
d, dependence in Eq. (4) is likely to be weaker than indicated here, because of counteracting effects in the A term, among other
things.) Veneer toughness appears as the main material parameter because both initiation and propagation of the cone crack
involve a precursor stable growth phase before instability. Moduli of the layer materials and the indenter are also factors (see
Fig. 16(a)). Most commonly, P; < Py, so the crack grows steadily through the veneer with increasing load. In the extreme of very
large r/d, the condition P;> Pg may be satisfied, in which case initiation leads spontaneously to failure.
For radial (R) cracks, failure is determined primarily by the flexural component of the applied stress field, and occurs

spontaneously at initiations>*

Pg = P, = BS.d*(E./E.)/log(E./Ey)

(2) Cyclic Loading

n = (Pr/Pu)"?
IZF = (PI:/Pm)N

For R cracks, initiation and failure are again simultaneous
Nfg = np = (PF/Pm)N

which has the same form as Eq. (7).

where S, is the strength of the core, B is a coefficient, and Ey = E«(Es/E.,Ey/E..d/d.) is an effective modulus for the composite
veneer/core bilayer (Ex = E, = E, for bilayers).>* Again, the failure load depends on d and not on r. Note in this case that it is
the strength of the core that governs the failure, because initiation under equilibrium conditions is assumed to occur

spontaneously from a critical flaw without any precursor extension. Again, relative layer (but not indenter) modulus is a factor.

Under cyclic conditions, the cracks can grow with time. In its simplest manifestation, fatigue in ceramics occurs by slow crack
growth, as described by a crack velocity equation v~ (K/T)~, where K is a stress intensity factor and N is a velocity exponent.®*
As indicated in the text, this appears to be the mode of fatigue governing O and R cracks. The governing equations for the
number of cycles to initiate O cracks and to take them to failure are of the simple power-law form

Cyclic loading in water also generates inner (312 cone cracks. For these, the analysis is more complex, owing to the superposition
of hydraulic pumping onto slow crack growth.***” Relations analogous to 3-8 have not been obtained.

©®)

(6)
()

®)

superposition of hydraulic pumping onto the slow growth mech-
anism. Clinicians should therefore not rely on fracture data from
the usual “‘standardized” test specimens (notably bend bars) in
single-cycle loading in ambient laboratory atmosphere for ma-
terials evaluation.

(ii1)  Fatigue versus single-cycle overload failure. 1Is crown
failure more likely to occur from cumulative damage over
many cycles or from a single overload biting event? In the de-
sign maps of Figs. 15 or 17, single-cycle overload is equivalent to
translating along the horizontal axis » =1, in which case frac-
ture occurs exclusively from O or R cracks at a relatively high
bite force. Fatigue failure is equivalent to translating along a
vertical line P, = constant at lower loads, bringing the deleteri-
ous I cracks into play. Both of these loading conditions may be
active in ordinary oral function.

(iv) Which materials? The fracture mechanics (Sidebar 1)
suggest the following optimal material properties: for the core—
a ceramic of high strength (resist radial fracture) and high

modulus (optimize stress shielding); for the veneer—a porcelain
of moderate toughness (resist cone crack growth) and high
hardness (resist quasiplasticity).

(v) Geometrical properties. Minimize cuspal curvatures and
net crown thicknesses, as much as allowable within the con-
straints of remaining tooth and adjacent dentition. Critical loads
for fracture are less sensitive to relative veneer/core thicknesses.>*

(vi) Surface preparation. To preserve strength of veneer and
core materials, minimize surface abrasion in crown preparation,
e.g., finishing by sandblasting or crown adjustment with burrs,
especially in the vulnerable near-contact and margin areas.*

(vii) CTE mismatch. Residual tensile stresses from CTE
mismatch can be highly deleterious, affecting both veneer and
core. Judicious selection of materials with small mismatch to
introduce compressive stresses is an option mooted by some re-
searchers, but it is important to note that compression in one
part of the system must always be counterbalanced by tension
elsewhere.
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